We discuss the prospects of using jets as precision probes in electron-nucleus collisions at the Electron-Ion Collider. Jets produced in deep-inelastic scattering can be calibrated by a measurement of the scattered electron. Such electron-jet "tag and probe" measurements call for an approach that is orthogonal to most HERA jet measurements as well as previous studies of jets at the EIC. We present observables such as the electron-jet momentum balance, azimuthal correlations and jet substructure, which can provide constrain the parton transport coefficient in nuclei. We compare simulations and analytical calculations and provide estimates of the expected medium effects. Implications for detector design at the EIC are discussed.
I. INTRODUCTION
The Electron-Ion Collider (EIC) will be the first electron-nucleus (e-A) collider and will produce the first jets in nuclear deep-inelastic scattering (DIS). Jet measurements can extend traditional semi-inclusive DIS (SIDIS) to elucidate parton-nucleus interactions, the 3D structure of nuclei, and the parton-to-hadron transition, which are among the physics goals of the EIC [1] .
Most studies discussed in the EIC white paper [1] are based on single-hadron measurements. But since 2011, a wide range of jet observables have been developed for the study of the quark-gluon plasma (QGP) at RHIC and the LHC [2, 3] . Jet measurements yield a better proxy to parton kinematics than hadrons and are easier to interpret because they avoid the need for fragmentation functions. Moreover, modern jet substructure techniques offer new methods to explore QCD dynamics and control nonperturbative effects [4, 5] .
Jet studies at the EIC have been proposed to measure unpolarized and polarized parton distribution functions (PDFs) of the proton and photon, along with the gluon and quark polarization, spin-orbit dynamics, nucleon transverse momentum dependent (TMD) PDFs, generalized parton distributions, gluon saturation and fragmentation in nuclei . We focus on tagged jets as precision probes of the nucleus via electron-jet correlations, which has recently been described in Ref. [32] .
Despite the success of QCD in describing the strong interaction, the physics of parton interactions with QCD matter is not fully understood, as not everything can be calculated perturbatively. This is true both for the "hot" * Correspondence email address: marratia@berkeley.edu QCD matter produced in high energy nucleus-nucleus collisions, and the "cold" QCD matter probed via jet production in pp, p-A, p-p and e-A collisions [33] . Consequently, much of the theoretical work over the last two decades on the QGP provides a basis to build upon at the EIC, which will unleash the precision era of QCD in nuclei.
Naturally, the experiments at HERA-the first and only electron-proton collider-stand as a reference for EIC jet measurements. We propose an approach different from that used for most jet measurements at HERA. Focusing on electroproduction in DIS, this work also differs from recent work by Aschenauer et al. [34, 35] that focuses on jet photoproduction and gluon-initiated processes in e-p collisions.
We study DIS jet production, eA → e + jet + X for event-by-event control of the kinematics (x, Q 2 ) that constrain the struck-quark momentum. We refer to this approach as electron-jet "tag and probe" studies. We identify several physics goals and identify approaches to realize them.
The paper is organized as follows: in Section II we describe the requirements and some experimental implications of the "tag and probe" measurements with electronjet correlations; in Section III we describe the Pythia8 simulation and the basic kinematic distributions of jet production; in Section IV we describe key observables with projected rates; in Section V we discuss implications for EIC detectors; and we conclude in Section VI.
II. REQUIREMENTS FOR TAG AND PROBE STUDIES
In heavy-ion collisions, jets serve as "auto-generated" probes because they are produced in initial partonic hard scatterings prior to the formation of the QGP. As with any probe, its power relies on its calibration. In hadronic col- lisions, nature provides "auto-calibrated" processes such as γ-jet and Z-jet production. The mean free path of electroweak bosons in QCD matter is large whereas the jet interacts strongly, so coincidence measurements are a powerful way to constrain kinematics and systematically explore jet quenching in the QGP [36] .
Analogously, the virtual photon and the struck quark balance in DIS at leading order (eq → e q). We propose to use this process as a "tag and probe" to study the quark-nucleus interactions, as illustrated in Figure 1 for a proton target. This approach differs from inclusive DIS, where the electron is considered the probe-our probe is the struck quark instead. Its color charge makes it suitable to study QCD in nuclei.
Unlike hadronic collisions, the electron is a fundamental particle and carries no color charge which simplifies the theory and provides a cleaner experimental environment suitable for accurate jet measurements. DIS offers a nearly pure quark-jet sample with little background from the underlying event. The nucleus has a high density of gluons at low temperature, which does not become highly excited in the collision. Consequently, the most challenging aspects of studying parton-QCD matter interactions in heavy ion or proton-nucleus collisions do not apply in this case.
The basic requirements for "tag and probe" studies include:
1. Kinematics such that the leading-order DIS process dominates.
2. Event kinematics constrained by the electron measurement only.
3. The jet must be matched to the struck quark by separating it from the beam remnant.
We explore the implications of each of these requirements in turn.
Initially, satisfying requirement 1 may appear straightforward. After all, the leading-order (LO) DIS diagram (γ * q → γ * q) is a pure electroweak process, whereas the higher-order DIS processes such as photon-gluon fusion (γ * g → qq) or gluon bremsstrahlung (γ * q → qg) are suppressed by α s . However, almost all jet studies at HERA suppressed the LO process by using the Breit Frame, in which the γ * points toward the positive z-direction with 3-momentum magnitude Q. At LO DIS, the struck quark flips its momentum from an incoming −Q/2 to +Q/2 in the z-direction, which is why the Breit frame is known as the "brick-wall frame". The LO DIS process produces a jet with zero transverse momentum, p jet T , in the Breit frame, modulo the intrinsic transverse momentum of the quarks and the gluon radiation. Due to higher-order emissions, jets can pass that selection because multiple jets can balance each other's p jet T with respect to the γ * direction. The typical requirement of p jet T > 4 GeV/c used at HERA [37] effectively suppresses the LO DIS contribution, which was called "Quark-Parton Model background", and provides sensitivity to the gluon PDF and the strong coupling constant α s [37] .
The choice of reference frame is not a trivial one; one cannot simply transform the results presented in the Breit frame for the jet cross sections to another frame because of the minimum p jet T cut typically imposed. This cut ensures that theoretical calculations that require a scale related to the jet itself in addition to the Q 2 of the event is large enough for perturbative calculations to converge.
In this work we show that jets with low p jet T in the Breit Frame are not only measurable and calculable, but offer a crucial tool at the EIC. Instead of the Breit frame, we present results in the laboratory frame. Recent work by Liu et al. [32] showed that the use of the e-A center-ofmass (CM) reference frame, which is related to the lab frame by a simple rapidity boost in the beam direction, provides a clear way to connect e-A results to hadron colliders. See also Ref. [38] .
We address requirement 1 by analyzing jets in the laboratory frame which is dominated by the LO DIS process. Higher-order DIS processes are still present, but they can be taken into account by using e-p collisions as a baseline when studying e-A collisions. Moreover, NNLO calculations show that the contribution from photon and gluoninitiated processes are at the level of a few percent for Q 2 > 25 GeV 2 [39, 40] .
Considering requirement 2, we note that the measurement of the scattered electron defines inclusive DIS and thus will likely drive the design of the EIC detectors [41] . However, the energy and angular resolution of the scattered electron translates to a relative resolution of x with a prefactor of 1/y; this follows from the relation x = Q 2 /ys. Consequently, the resolution of x diverges as y → 0. The limitation of the "electron method" to constrain x and Q 2 was bypassed at HERA by using methods that rely on the hadronic final state [37] , such as the Jacquet-Blondel method. Using the Jacquet-Blondel method would not work for "tag and probe" studies, as it would amount to calibrating the jet probes with themselves. Consequently, the need to determine the kinematics purely from the scattered electron limits the ability to use low-y events. Given detector response projections such as those presented in Ref. [41] , we note that even in the case of electron measurements with a combination of tracker and crystal calorimeter (with zero constant term and 2% stochastic term for η < −2) the resulting resolution in x deteriorates rapidly for values of y < 0.1. We therefore conclude that the tag and probe method requires events with y > 0.1. The exact value of the y cut can be optimized based upon the actual detector performance.
We identify the kinematic selection criteria needed to meet requirement 3 and present the results in Section III D after we introduce our simulations and show the kinematic distributions of jets expected at the EIC in the next section.
III. SIMULATIONS
We use Pythia8 [42] to generate neutral-current DIS events in e-p collisions with energies of 20 GeV for the initial state electron and 100 GeV for the proton, resulting in a center-of-mass energy of √ s = 89 GeV. While proton beam energies of up to 250 GeV are considered in the EIC designs [43, 44] , the per-nucleon energy of the nuclear beams is reduced by a factor of Z/A, which is ≈ 0.4 for heavy nuclei.
We select particles with p T > 250 MeV/c and |η| < 4.5
in the lab frame 1 , excluding neutrinos and the scattered electron (which we identify as the highest p e T electron in the event). The asymmetry of the beam energies creates a boost of the e-A center-of-mass frame relative to the laboratory frame given by η lab = η CM + 0.5 ln(E p /E e ) = η CM + 0.80 for the kinematics considered here.
We use the Fastjet3.3 package [45] to reconstruct jets with the anti-k T algorithm [46] and R = 1.0. For most studies, we use the standard recombination scheme ("Escheme"), where the jet clustering just combines 4-vectors, but we also present some results with the "winner-takeall" (WTA) scheme [47, 48] where the jet axis is aligned with the more energetic branch in each clustering step.
Our choice of the distance parameter R = 1.0 follows the HERA experiments where it was found that this large value reduces hadronization corrections for inclusive jet spectra to the percent level [37] . At the EIC, smaller R values might help to tame power corrections for jet substructure observables which we leave for future work, see also Ref. [34] .
Pythia8 uses leading-order matrix elements matched with the showering algorithm and the subsequent hadronization. For DIS, Pythia8 relies on the DIRE dipole shower [49] to generate high order emissions. Our simulations do not include QED radiative corrections or detector response. Initial and final-state QED radiative corrections "smear" the extracted x or Q 2 from the measured electron angle and momentum with respect to the Born-level values. We select observables that minimize the sensitivity to radiative corrections, and further reduce radiative effects in three ways: require inelasticity y < 0.85, which removes the most sensitive phase space; construct ratios of cross sections (semi-inclusive DIS jet cross sections and inclusive DIS cross section); and bin in p e T . The p e T variable is insensitive to initial-state QED radiation and has reduced sensitivity to collinear final-state radiation. Moreover, ratios between measurements in e-A and e-p data will further suppress the impact of radiative corrections.
We use the EPPS16 nuclear PDFs [50] for the P b nucleus, to approximate hard scatterings in e-A collisions in our e-p sample. Of course, the underlying event in e-A is not simulated in this approach. However, due to the absence of multi-parton interactions in DIS, the underlying event is expected to be small compared to p-A collisions.
We do not include the impact of Fermi motion in our simulations which is only relevant for the very high-x region.
We require Q 2 > 1 GeV 2 , the invariant mass of the hadronic final state W 2 > 10 GeV 2 , and the inelasticity of the event of 0.1 < y < 0.85. The lower elasticity limit avoids the region where one cannot constrain the event kinematics with the electron (as discussed in Section II), whereas the upper limit avoids the phase space in which QED radiative corrections are large.
We do not simulate photoproduction processes which are defined 2 by Q 2 ≈ 0. The photoproduction process is similar to jet production in hadron collisions, which includes all the complications we aim to avoid as well as sensitivity the relatively poorly known photon PDFs. Therefore, photoproduction of jets is a background for this study, and can be reduced to a negligible level by requiring large values of Q 2 [39, 40] .
We simulate 10 7 events to ensure the statistical precision of the Monte Carlo simulation. The projected rates correspond to an integrated luminosity of 10 fb −1 , which can be collected in a few months of e-p running. While the cross sections for hard processes in e-A are higher by a factor of A, the luminosity expected for ions is smaller approximately by a factor of A, leading to similar rates for e-A and e-p collisions at the EIC. Figure 2 shows the expected yield of electrons and jets for 10 fb −1 integrated luminosity, as a function of p T in the lab frame. The p T in the lab frame is equivalent to the p T in the electron-nucleon center-of-mass frame as it is invariant under boosts in the longitudinal direction. In addition, we apply a cut on the azimuthal angle between the electron and the jet |φ jet − φ e − π| < 0.4, which suppresses jets arising from the fragmentation of the beam remnant as we will show in Section III D.
A. Differential cross section and event kinematics
The transverse momentum spectra reach up to p T ≈ 35 GeV/c. The electron and jet distributions generally agree well since only a single jet is produced in DIS. This is not the case at low p T , where α s is larger and parton branching processes/out-of-jet emissions generate low p jet T jets that do not pass the selection criteria. In addition, hadronization effects becomes more important at low p jet T . Collecting 10 fb −1 of data would yield statistical uncertainties at the sub-percent level. Of course, this depends on detector acceptance, efficiencies, and triggering. The high luminosity of the EIC will allow for a comparison of several different nuclei, along with detailed studies required to constrain systematic uncertainties.
The electron transverse momentum and rapidity are not variables commonly used to characterize the event kinematics in DIS, but they are closely related to Q 2 and
where η e is the pseudorapidity of the electron in the electronnucleon CM frame [32] andt andû are the Mandelstam variables.
Figure 3 shows p e
T and x distributions for events passing the cuts listed above. The observed "strip" is the result of the inelasticity selection. In particular, events with low Q 2 /high x yield low inelasticity (y = Q 2 /sx), which is removed by our requirement y > 0.1. Nevertheless, we obtain a wide coverage in x with jets, spanning the shadowing, anti-shadowing and EMC regions in e-A collisions. While these regions have been studied before in inclusive DIS and SIDIS in fixed-target experiments, the EIC energies will allow the measurement of jets over a wide range of Q 2 . Figure 4 shows the jet pseudorapidity and energy in the lab frame. The exact shape of the distribution is due to the inelasticity selection, the asymmetric nature of the collision, and the rapidity boost of ∆η ≈ 0.8 due to different beam energies. The jet energy at mid-rapidity (η jet ≈ 0) is limited to ≈ 30 GeV, whereas in the backward direction it reaches only about ≈ 20 GeV, as it is limited by the electron beam energy. On the other hand, jets with energies in the range 50-100 GeV are produced in the forward direction (η jet > 1.0). Figure 5 shows the number of particles in the jets as a function of p jet T for charged particles, photons from the decay of neutral mesons, and neutral hadrons. There is a gradual increase with p jet T . We checked that there is no significant change with pseudorapidity of the jet within the range |η jet | < 3.0. Therefore, the particle multiplicity does not depend on the jet energy, but only on its p jet T . We also find no Q 2 dependence within 1-1000 GeV 2 .
C. Number of jet constituents
While jet algorithms can in principle "find" jets with low transverse momentum which may contain only very few particles, the question is whether useful information can be extracted from these "mini-jets". The answer depends on the observable under consideration and requires a comparison to perturbative QCD calculations including QCD scale uncertainty estimates, which increase at low p jet T . While a generic cut on particle multiplicity or transverse momentum is somewhat arbitrary, we follow here the precedents set by experiments at HERA and RHIC, and require p jet T ≥ 4 GeV/c.
D. Separation of struck-quark and beam-remnant fragmentation
As noted in requirement 3 in Section II, using the struck quark as a tagged probe requires kinematic cuts to select jets arising from that quark. One of the benefits of the collider mode is that beam remnants continue to move in the beam direction while the particles produced by the fragmentation of the struck quark might be separated. This picture is complicated by the process of hadronization. As noted by Aschenauer et al. [51] , hadrons from beamremnant and struck-quark fragmentation largely overlap in rapidity for all Q 2 accessible at the EIC.
The separation of struck-quark and beam-remnant fragmentation is central for theoretical studies to interpret the data, as relevant factorization theorems apply to the struck-quark fragmentation only 3 . Recent theoretical studies have focused on this issue [52, 53] . In this work, we explore the beam-remnant separation in an empirical way by using the hadronization model in Pythia8 and compare results using jets and hadrons.
As an aid in identifying the struck-quark fragments, we construct polar plots tracking the scattered electron and struck quark as well as jets and hadrons. Examples are shown in Figure 6 . The top half of each circle shows the pseudorapidity and 3-momentum of the scattered electron in the angular and radial direction, respectively. The bottom half shows the rapidity and momentum of the hadronic partners. Polar plots of the scattered electron and struck quark are shown on the left, jets in the middle, and hadrons on the right.
The top panel shows where the reaction products go when the struck quark x is low, from 0.008 to 0.01. As expected for DIS off quarks at low-x, the struck quark travels to negative rapidity, i.e in the electron-going direction as seen in the top left panel. The top middle panel shows two clear sources of jets: one corresponding to the struck quark and the other to the beam remnant. The two jet sources are quite well separated in rapidity, making a selection of the struck quark jet straightforward in this case. We found that a minimum of Q 2 > 25 GeV 2 is needed to achieve this clean separation for this kinematic interval; decreasing Q 2 leads to a worsening of the separation. The right hand plot shows the distribution of single hadrons. While a correlation with the rapidity of the parent quarks is present, it is significantly smeared for lower p T hadrons, making the experimental separation of struck quark and beam remnant products more difficult than with jets. The |φ jet − φ e − π| < 0.4 cut in the middle and right plots requires the electron and jet to be back-to-back in azimuthal angle, as explained below.
This clear identification of the struck-quark at low-x guarantees access to the dense gluon-dominated matter at small x which requires selecting DIS off a parton which is itself at small x. This parton then transits the dense matter on its way to the detector. Comparing jets from such partons in scattering from different nuclei will allow us to quantify the transport properties of the dense matter.
The bottom panels show a similar set of polar plots selecting 10 < p e T < 30 GeV/c and Q 2 > 100 GeV 2 . The left hand side shows that in this case, the scattered quarks start to go in the hadron beam-going direction, but they are still dominantly at pseudorapidities less than 2. The middle panel shows that the separation of the struck quark and beam remnant jets is also clearly feasible for these kinematics, even though the rapidity separation is smaller. The smearing for single hadrons, however, is much larger, as visible on the right side. For this electron p T range, Q 2 > 100 GeV 2 is required to obtain the separation with jets; significantly lower Q 2 values lead to a much larger overlap.
We conclude that the prospect for separating the struck quark and beam remnants looks very promising with jets.
IV. OBSERVABLES
We now turn to jet observables of interest for probing properties of gluon-dominated matter in nucleons and nuclei. Sections IV A and IV B show the transverse momentum and azimuthal balance of the electron and jets; section IV C shows the azimuthal balance but for jets defined with the WTA recombination scheme; section IV D describes the groomed jet radius. 
A. Transverse momentum balance
A key measurement sensitive to the mechanism of quark energy loss in the nucleus is the ratio of the electron to jet transverse momentum, since the electron tags the struck-quark p T . Figure 7 shows the transverse momentum balance between the scattered electron and jet for 10 < p e T < 15 GeV/c and p jet T > 4 GeV/c. The distribution peaks around unity as expected for DIS. The width of the distribution arises from initial state radiation, outof-jet emissions and hadronization [54] . Applying a cut on the azimuthal difference between the scattered electron and jets |φ jet − φ e − π| < 0.4 suppresses low-p jet T jets not associated with the scattered electron, i.e jets from beam remnant fragmentation.
For this kinematic selection, the average x is 0.11 and the average ν is 1.1 TeV, where ν is the virtual photon en-ergy, i.e. the struck-quark energy, in the rest frame of the nucleon 4 (ν = Q 2 /2mx with m the nucleon mass). The same x region is accessible in fixed-target experiments, for example those ongoing at the Jefferson Laboratory CEBAF, but with ν values of only a few GeV (or equivalently, low Q 2 ). This illustrates that EIC experiments will explore kinematics that represent terra incognita even in "known" x regions. In particular, we would be able to answer "how does the nucleus react to a fast moving quark" at the TeV scale, whereas all previous fixed-target experiments reached ν values of O(10 GeV). Given the large number of events expected at the EIC, it will be possible to bin finely in either x or ν, once radiative corrections are applied. At the EIC we will be able to explore in detail the kinematic dependence of the jet transport coefficient,q, wherê qL describes the typical transverse momentum squared acquired by a parton traversing the medium of length L. The kinematic dependence ofq in cold nuclear matter is under active investigation, see for example recent work in Refs. [55] [56] [57] . The kinematic coverage of EIC SIDIS data (hadron and jet) will be several orders of magnitude larger than the existing SIDIS data and will be much more precise; therefore, it will allow for definitive conclusions on the properties of the jet transport coefficientq. In general, these results may also illuminate studies of the QGP in heavy-ion collisions.
Energy loss studies at the EIC will provide a more accurate measurement ofq in nuclei than is likely to be achieved in p-A collisions. There are several reasons: DIS in e-A has much less background than the underlying event in p-A collisions; DIS provides an almost pure quark probe instead of quark-gluon fractions that depend on kinematics; in DIS a virtual photon interacts with the quark, experiencing no initial state scattering and leaving a medium that is static and not affected by QCD multiparton interactions; event-by-event tagging of the struck quark in DIS improves the precision of the measurement and theoretical calculations; and the EIC luminosity will offer superb statistics. Figure 8 shows Pythia8 results for the azimuthal difference |φ jet − φ e − π| between the scattered electron and jets. The azimuthal angle here is related to the transverse momentum imbalance q ⊥ = | p jet T + p e T | in the plane transverse to the beam direction. The distribution peaks at zero as expected from LO DIS where the electron and jet are produced back-to-back. The finite width of the distribution is driven by the intrinsic k T of the partons and gluon radiation. As shown by Liu et al. [32] , in the limit that the transverse momentum imbalance q ⊥ is much smaller than the electron transverse momentum, this observable in e-p collisions provides clean access to the quark TMD PDF and to the Sivers effect in transversely polarized scattering. In particular this observable is insensitive to final state TMD effects, which provides a way to overcome the daunting task of a simultaneous extraction of TMD parton densities and fragmentation functions. We show the theoretical calculation of Ref. [32] in Figure 8 (solid black) which agrees well with the Pythia8 simulation.
B. Azimuthal correlation
A comparison of the cross section in e-p and e-A collisions is sensitive to p jet T broadening effects due to multiple scatterings in the medium. Such measurements are needed to quantifyq in nuclei, as shown by Liu et al. [32] . Following Refs. [58] [59] [60] [61] , the final state multiple scatterings of the struck quark/jet can be combined with the TMD distribution. Effectively, this leads to a modification of the resummed Sudakov exponent which can be expressed in terms ofqL.
As we have shown in Section III, electron-jet correlations at the EIC will sample 0.008 < x < 0.7, which covers the shadowing, anti-shadowing and EMC regions. Electron-jet correlations in different kinematic bins will map these nuclear effects in 3D including potentially a parton flavor-separation. Azimuthal correlations provide a clean channel to explore nuclear tomography, extending traditional measurements based on hadrons [62, 63] .
A different definition of the transverse momentum measuring the imbalance between the electron and jet in SIDIS was considered by Gutierrez-Reyes et al. [64] This is sensitive to TMD PDFs and involves TMD evolution equations also for the final state jet. This observable can provide important complementary information for nucleon and nuclear tomography and is particularly useful when the WTA axis is used, which we describe in the next section. [32] . The projected statistical uncertainties are negligible and not shown.
C. Winner-take-all jets
The standard recombination scheme of jet reconstruction algorithms is the E-scheme, where at each step in the clustering the jet axis is defined by summing 4-vectors. The resulting jet axis is sensitive to recoil effects due to soft radiation in the jet. In contrast, the jet axis obtained with the WTA scheme is by construction insensitive to soft radiation. At each step of the clustering, the jet axis is defined to be aligned with the more energetic particle. Therefore, this jet axis tracks collinear radiation.
Recently various observables involving the WTA axis have been proposed [65] [66] [67] . Potential applications include studies of the QGP, hadronization and studies of the intrinsic parton k T using jets in SIDIS. In particular, comparisons between jets reconstructed with the standard E-and WTA scheme in e-p and e-A collisions will shed light on the modification of collinear and/or soft fragmentation in nuclei and allow for quantitative studies of the jet broadening mechanism.
We consider the same observable as discussed in the previous section IV B and investigate differences of the azimuthal angular correlation |φ jet − φ e − π| between the electron and jet when the standard or WTA jet axis is used. We note that as expected no significant difference between the p jet T spectra is observed since the clustering metric is the same for both recombination schemes. Figure 9 shows the electron-jet azimuthal correlation for three intervals of p e T for E-scheme and WTA jets. For both cases the distribution gets narrower with increasing p e T . However, the WTA jets show a significantly broader distribution for all p e T intervals. We expect these observables to be relevant for studies in e-A collisions and a promising target for EIC detector considerations. Our results also motivate further theoretical efforts in this direction.
D. Groomed jets
Driven by LHC experiments, the field of jet substructure has grown rapidly in the last few years. See Ref. [4, 5] for recent reviews. An example is the soft drop momentum sharing fraction, z g , which is related to the Altarelli-Parisi splitting function [68] and is modified in heavy-ion collisions [69, 70] . These studies rely on jet grooming algorithms such as "soft drop" [71] . Soft drop declustering isolates soft and wide-angle radiation inside the jet. Nonperturbative effects such as hadronization corrections can be suppressed or enhanced depending on the observable under consideration, see for example recent work in Refs. [72] [73] [74] [75] , or improve the sensitivity to TMD PDFs [64] .
We anticipate that jet substructure and jet grooming will have an important role at the EIC, just as at the LHC and RHIC for precision tests of QCD and studies of the medium properties. For example, Ringer et al. [76] showed that the so-called groomed jet radius has sensitivity to the jet transport coefficient similar to electron-jet correlations. Probing the same physics with independent observables offers an important cross-check to ensure the consistency and predictive power of theoretical calculations and can be used in global extractions ofq. We expect that other observables will allow for similar studies where groomed jets can be used as well calibrated probes of nuclear effects in e-A collisions.
Here we study soft drop groomed jets at the EIC focusing on the experimental feasibility of grooming low p jet T jets with modest constituent number. We use the SoftDrop algorithm [71] as implemented in the Fast-Jet package [45] . The typical p jet T used in jet grooming studies at the LHC is O(100 GeV/c) [77, 78] but at the EIC the range will be ≈ 10 − 35 GeV/c, which is similar to the range explored at RHIC in p-p collisions [79] (20 < p jet T < 30 GeV/c for anti-k T jets with R =0.4). The particle multiplicities in e-p collisions are smaller than in p-p. Consequently, we investigate how many particles are groomed away and how large the transverse momentum difference is before and after grooming at the EIC. We choose the grooming parameters z cut =0.1, and β = 0, 2, which are often used in experimental studies at the LHC.
Varying β offers a way to explore different QCD dynamics and to gauge the sensitivity to soft radiation. The choice of β=0 (β = 2) corresponds to more (less) aggressive grooming. Figure 10 shows the number of particles in jets as a function of the ungroomed p jet T with and without grooming. The difference grows with p jet T and it reaches about ≈ 2 particles on average for the β = 0 case and ≈ 0.5 particles for β = 2. Figure 11 shows the p jet T that is removed from the jet by the grooming procedure for the two grooming parameters β = 0, 2. We observe that the average value grows roughly linearly with ungroomed p jet T and at 30 GeV/c it reaches ≈ 2.0 GeV/c for β = 0 and ≈ 0.2 GeV/c for β = 2. We note that the standard deviation is large with respect to the average value, which indicates large fluctuations when using groomed jets. From Figures 10 and 11 we conclude that the prospects of performing grooming at the EIC, even with β = 0, look promising. Depending on the observable under consideration it can be advantageous to choose a larger value of z cut in order to extend the regime where perturbative calculations are applicable. Detailed detector simulations to quantify measurement effects on groomed variables is an important next step as well as detailed comparisons to theoretical calculations. 
E. The groomed jet radius and jet transport
Recent work by Ringer et al. [76] showed that the jet groomed radius R g , or equivalently, the angle between the two branches that pass the soft drop requirement, provides a new opportunity to investigate jet broadening effects. It is orthogonal to other observables that use more traditional jet variables such as the azimuthal angle and p jet T . Figure 12 shows the groomed radius for jets recoiling against the scattered electron for two different p e T intervals. Here we consider the cases β = 0 and 2 as well as ∞. The limiting case of β = ∞ corresponds to no grooming and R g is the opening angle of the last two branches of the jet that were clustered together. The R g distribution for β = ∞ is broad and peaks toward large values, with little dependence on p e T . This distribution is dominated by power corrections and nonperturbative physics. Removing low momentum, wide-angle branches shifts the R g distribution toward smaller values. As expected, β = 0 yields a larger shift than β = 2. We also observe that the shifts due to grooming are more significant for higher p e T , which might be interpreted as a result of increased phase-space for soft radiation.
While the approach used in Ref. [76] to study p jet T broadening effects was developed for studies of the QGP, the same framework is applicable to studies of medium effects in the nucleus. In fact, the theory simplifies tremendously in e-p or e-A collisions because of the initial state electron and the large quark jet fraction. Here we work with the assumption of a pure quark jet sample; in the future this can be improved using the results of Ref. [39] . While the next-to-leading logarithmic corrections for this observable are known [80] , we limit ourselves to a leading-logarithmic calculation [71] as we are here mostly interested in the modification in e-A colli-sions. Nonperturbative hadronization effects are included through a convolution with a model shape function which depends on a single parameter. The size of hadronization corrections can be determined in e-p collisions by comparing to data or simulations, see [76] for more details. Figure 13 shows Pythia8 results (green histogram) for β = 0 and 20 < p e T < 35 GeV/c, which was also shown in the right panel of Figure 12 . The perturbative leadinglogarithmic calculation of the groomed jet radius including hadronization effects (solid black) has a similar shape as the Pythia8 results, though the Pythia8 distribution is slightly shifted to the right. The other curves show the result when medium effects due to incoherent multiple scatterings of the two branches inside the nucleus are included. We parametrize the cold nuclear matter effects here analogously to the electron-jet azimuthal correlation [32] considered in section IV B above and choose the same valuesqL = 0.2 GeV 2 and 0.8 GeV 2 (dashed) accordingly. The broadening effects are clearly visible and of similar magnitude as for the electron-jet azimuthal correlation observable. These results demonstrate that jet substructure observables offer novel and independent probes of nuclear effects at the EIC.
V. EXPERIMENTAL ASPECTS
The modification of jet observables in e-A collisions compared to e-p are predicted to be at the few percent level. This places strict limits on systematic uncertainties of the measurements, and should inform detector designs for the EIC.
A disadvantage of jet measurements compared to single hadrons is that precise energy measurements are much more challenging. One of the most accurate jet energy measurements was performed by the ZEUS collaboration at HERA with its high resolution uranium-scintillator calorimeter, yielding a jet energy scale (JES) uncertainty of ±1% for jets with a transverse energy in the lab frame larger than 10 GeV [81] , and ±3% for lower-energy jets. As jets have a rapidly falling spectrum, this energy scale uncertainty translates to an uncertainty of 5-10% for the p jet T spectra. Experiments at the LHC are close to achieving the goal of ±1% JES as well. It seems unlikely that EIC detectors will improve this.
The JES uncertainty will thus likely be a limiting factor for jet measurements at the EIC. Even for observables that do not require energy information per se, such as azimuthal differences between electrons and jets, the JES uncertainty enters as a second-order effect. For example, if a given observable depends on p jet T , an unfolding procedure in more than one dimension will be needed. In particular, the azimuthal difference between jets and electrons has a rather strong p jet T dependence, as seen in Figure 9 .
Unlike fixed-target experiments that can use dual target techniques, data from e-A and e-p will be taken at different times and runs at a collider. Consequently, timedependent changes in detector response will limit the cancellation in the e-A/e-p ratio and therefore drive the systematic uncertainties. Moreover, one of the most power-ful calibration tools used by the HERA experiments was the momentum balance between the scattered electron and jets in neutral-current DIS [37] . That effectively anchors the JES to the electromagnetic energy scale uncertainty, which is known much more precisely. That method is not available in for our tag and probe studies because it would use the same physics we want to study (at HERA, electron-jet correlations were primarily a calibration tool). This will increase the systematic uncertainty on the JES. Measuring ratios of cross sections in e-A and e-p collisions, allows some of the JES uncertainty to be canceled. In order to achieve an accuracy of 1% in p jet T spectra measurements, one would need to reach a residual systematic uncertainty of 0.2% in the e-A/e-p ratio.
We have shown that key observables such as the electron-jet azimuthal correlation is rather sensitive to jet p jet T and therefore to p jet T smearing effects. Detailed detector simulations will be needed to see how residual JES uncertainties would translate to systematic uncertainties. We have shown that theoretical calculations predict nuclear effects of the order of O(10%) or less, for both azimuthal correlations and the jet groomed radius.
Given that the EIC jet measurements will likely be dominated by systematic uncertainties and the accuracy goal is at the percent-level, uncertainties due to luminosity and trigger efficiency will play an important role. We note that these are typically suppressed to the subpercent level in fixed-target DIS experiments with the use of dual-targets but in collider mode they will be non negligible. We again anticipate that the leading systematic uncertainty in the e-A/e-p ratios will be related to time-dependent effects in the trigger and luminosity calibrations.
VI. SUMMARY AND CONCLUSIONS
We have explored the potential of jets at the EIC as a precision tool for studies of the nucleus. We discussed requirements for semi-inclusive deep inelastic scattering "tag and probe" studies where the scattered electron fixes the jet kinematics, leading to an approach orthogonal to the HERA jet measurements, as well as to all previous projections of jet measurements at the EIC.
The kinematic reach for jet measurements at the EIC is found to be roughly 0.008 < x < 0.7 and Q 2 > 25 GeV 2 for √ s = 89 GeV. While the inclusive DIS measurements will have an extended kinematic reach, jets measurements will be indispensable for the study of quark-nucleus interactions, the quark-structure of nuclei in 3D, to tag the parton flavor and to separate current and target fragmentation.
We identified several key observables for electron-jet studies, including the transverse momentum balance and the azimuthal angular correlation. We demonstrated the feasibility of groomed jets at the EIC, to provide new tools for controlling hadronization effects. We presented comparisons to theoretical calculations where medium ef-fects are included for both electron-jet correlations and jet substructure. Using information from different observables will be crucial to determine the jet transport coefficientq. We also presented a study of the winnertake-all scheme for jet reconstruction, which will help to gauge the modification of soft and collinear fragmentation in the nucleus.
Important future work includes studies with detector response simulations and more detailed comparisons to theoretical calculations.
